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Introduction
Mammalian cells have evolved to interact with their physical environment, and this interaction is crucial for many important cellular behaviours including the following: migration, division, differentiation and proliferation. In vivo, cells depend on an interaction with a 3D scaffold known as the extracellular matrix (ECM). It is thought that the organisation and mechanical compliance of the ECM is extremely important in helping to regulate the aforementioned cell behaviours. It has been acknowledged that growing cells in flat planar environments, as is the case for most cell culture vessels, does not accurately replicate their natural environment. As a consequence, there has been a significant research effort that has focussed on the development of cell substrates having both 2D and 3D features that mimic features of the ECM. This has largely been achieved through patterning materials to develop 'functional' or 'smart' surfaces that can be used to better control cellular responses in vitro.
Initial work in this area focussed on producing simple step features [3] . This has since evolved to see the design of a range of surface features including islands [7] , pits [23] , grooves [1] and pillars [11] , all of which have been shown to have an effect on cell behaviour. Such design features have been incorporated into the development of biomedical implant technology. For example, dental implants have been modified to increase surface roughness to improve implant integration [18] , whereas modifying breast implants and stents to provide a rough surface topography has been shown to promote the surface adhesive properties for different cell types [20, 24] .
The main techniques used for developing functional cell substrates include laser patterning [23] , photolithography [1] and polish finishing techniques [22] . These methods vary in both process time and cost and have been extensively employed to generate surfaces for cell control. One method that has seemingly been overlooked is the use of grinding to generate the pattern. When compared to other methods, grinding shows several benefits. For example, grinding offers a smaller potential feature size, due to it not being limited by resolution, or spot size as the case with photolithography [16] and laser processing [10] , respectively. It is also a relatively simpler manufacturing process, not requiring a clean room as is the case with lithography [6] . Little research has been done on grinding micro-patterned surfaces for cell control. However, the use of similar technologies, such as diamond micro-engraving tools for surface patterning, has shown promise, for example through the growth of osteoblast cells on such manufactured surfaces [13] . Similarly, a combination of both macro-and micro-grooves, generated by a microengraving process, was found to promote the formation of extracellular matrix and cell alignment of both osteoblasts [13] and fibroblast cells [20] .
This paper demonstrates the suitability of grinding technology as a method for micro-patterning stainless steel, which can then be used as a master die, to cast polymer substrates for manipulating fibroblast cell behaviours. 
Grinding of surfaces
Stainless steel cylinders (grade 316, 18-mm diameter × 13-mm height) were used for the surface patterning; a manual controlled Jones & Shipman 540 surface grinder was used to pattern the surface. The grinding wheel (Norton-AS346J7V) had dimensions of 160-mm diameter and 19-mm width. Peripheral wheel speed was set to 25 m/s. The wheel was dressed with a single-point diamond, applying two passes at 100 μm/s at the different depths 2, 4, 6 and 10 μm. To pattern the surface, a single pass of the freshly dressed wheel was made at 3000 μm/s. This was done for each wheel dressing depth to produce four different patterned surfaces, M1, M2, M3 and M4, respectively. The depth of cut on the stainless steel moulds was dependent upon the wheel dressing depth. Increasing the dressing depth from 2 to 10 μmr e s u l t e di na depth of cut ranging between in 2 and 5 μm.
Casting of polymer substrates from stainless steel moulds
Casting the polymer over the metal moulds produces an inverted pattern. The polyurethane was provided by Biomer Technology Ltd; the polymer substrates were produced using 8 % polyurethane in 2:1 dimethylformamide (DMF) and tetrahydrofuran (THF). This was poured onto the metal moulds and cured at 60°C for 2 h.
White light interferometry
All white light images presented in this report were obtained using a Bruker Contour GT-K 3D optical microscope via Vision 64 software. This microscope is equipped with the following objective lens: ×2.5, ×10 and ×25 and field-ofview multiplier lenses: ×0.55, ×1.0 and ×2.0. Images were taken at either ×25 or ×50 magnification.
Experimental procedure

Cell culture
The cells described in this work are human lung fibroblast cells (LL24), which have been purchased from the European Collection of Animal Cell Cultures (ECACC). All cell culture work was carried out under aseptic conditions in a grade II laminar flow cabinet (EBSCO). Cells were maintained at 37°C in a humidified 5 % CO 2 /95 % air atmosphere in Dulbecco's modified Eagle's medium (DMEM) (SigmaAldrich, D6429) supplemented with 10 % foetal bovine serum (Sigma-Aldrich, 0804 ) and 1 % penicillin-streptomycin.
Investigation of cell adhesive quality of surfaces
In order to determine if the cells had a preference for either the machined ground or the unprocessed surfaces, an adhesion assay was carried out using the MTT assay. First, polyurethane casts (6-mm diameter) were cut using a Biopunch (SLS) and placed in the wells of a 96-well plate. The polymer discs were then sterilised with UV light for 30 min. Cells were seeded onto the surfaces at a cell density of 10,000 cells per well. The cells were left to incubate for 2 h (37°C 5 % CO 2 ), after which the growth medium was removed and the polymer discs were washed with PBS (×3). Next, the MTT assay was carried out to determine cell number. Briefly, MTT (5 mg/ml in DMEM) was added to each well and subsequently left to incubate for 3 h at 37°C in a humidified 5 % CO 2 /95 % air atmosphere. Next, the medium was removed and replaced with DMSO in order to dissolve the formazan crystals. The plate was then read at 570 nm using a 96-well plate reader with absorbance indicating the relative number of cells.
Investigation of cell proliferative quality of surfaces
In order to determine if the surfaces promoted cell viability, a proliferation assay was carried out using the MTT assay. Polyurethane casts (6-mm diameter) were prepared and sterilised as described above (Sect. 2.2.2). Cells were seeded at a density of 10,000 cells per well and left to incubate for 24, 48 or 72 h (37°C 5 % CO 2 ). At each time point (24, 48, 74 h), an MTT assay was carried out as described above, in order to determine absorbance and relative cell number.
Investigation of cell migration properties of surfaces
To determine if the ground patterned surfaces affected cell migration, time-lapse imaging and subsequent cell tracking were preformed over a 4-h period using a Zeiss LSM 510 confocal microscope. Briefly, polymer surfaces were washed in ethanol, for sterilisation purposes, and then were washed in PBS to remove traces of ethanol, before being placed into a 35-mm cell culture dishes. Next, 200,000 cells/cm 2 were seeded on to polymer surfaces and the dish was placed into the microscope environmental chamber (S-2, PeCon GmbH, Germany). The chamber was maintained at 37°C and 5 % CO 2 in a 60-70 % humidified air atmosphere using a by Temcontrol 37-2 and CTI-controller 3700 (PeCon GmbH, Germany). Images were taken every 15 min for 4 h using a ×20 Plan-Apo/0.75 NA DIC objective lens, while scanning using a Helium-Neon (HeNe) laser at 543 nm. ImageJ software (National Institute of Health, NIH) with manual tracking plugin (Institute Curie, France) was used to analyse the data produced from the time-lapse image series. Surface patterns were created on the stainless steel moulds via a single pass across the samples by the dressed wheel at the different wheel depths to generate a 'ploughed field' feature effect as is seen in Fig. 1 . The different surface patterns were designated M1, M2, M3 and M4 for the 2-, 4-, 6-and 10-μm wheel dressing depth, respectively. The profiles show a pattern of peaks and troughs across the surface that varies in height. The width of the features also varies which results in channels that run along the surface that are not identical across each surface or across the different surfaces as can be seen in Fig. 2 . The stainless steel moulds were then used to produce a polymer cast which were designated P1, P2, P3 and P4, being identifiable with respect to their corresponding metal counterparts.
Surface characterisation of ground surfaces
To compare the different ground surfaces to each other and their 'inverse' polymer casts, the surfaces were imaged using a white light interferometer microscope. This allowed for surface height measurements to be obtained. As can be seen from Fig. 3 , there is an increase in the height of surface features as the dressing depth increases. When comparing this result to the polymer cast, this trend is also seen; however, a decrease can be seen in terms of the surface heights through a direct comparison. There is a discrepancy between the M1 and P1 surfaces where this drop in surface height is not seen (Figs. 3 and 4) .
Further analysis was performed on the surfaces through the white light interference microscope in order to determine parameters such as the average surface roughness (Ra), the average maximum height value (Rt) and mean roughness depth (Rz) values of the ground surfaces ( Surface analysis was also performed on the inverse polymer casts, and the Ra, Rt and Rz values can be seen in Table 1 . It can be seen that, in a similar fashion to the stainless steel moulds, the values show a trend to increase from the lowest feature height value to the largest. However, Table 1 also shows that for casts P2 and P3, the mean feature height values are lower compared to P1 but still show an increase in mean height through to P4. This is not seen for the metal moulds (Figs. 3 and 4) which also do not show such high values for the Rt and Rz analysis, suggesting that this discrepancy may be as a result of the casting processes, where possibly the liquid polymer is not filling the mould accurately, hence resulting in this difference in values.
Cell behaviour
Cell adhesion
In order to determine how the different machine ground surfaces affected cell adhesion, a MTT adhesion assay was performed 2 h after the cells were seeded on to the surfaces. Figure 5 shows that there is a clear difference between the adhesions of the cells to the unprocessed polymer compared to the ground surfaces. The results show that on the unprocessed polymer, less cells had adhered to the surface after 2 h compared to all of the processed surfaces. There is also an observable difference between the different machine ground Fig. 2 White light interferometer microscope surface profiles. All images were taken at ×25 magnification surfaces where we see an increase in cell adhesion as depth of cut increases up until surface P3 (Fig. 5 ).
Cell proliferation
In order to compare the effects of the various different surfaces upon cell proliferation, an MTT test was performed after 24, 48 and 72 h. Figure 6 shows that after 24, 48 and 72 h, cells were found to proliferate steadily on the unprocessed surface, as indicated by the increase of the absorbance values. This trend was also observed with surface P4, although the cell proliferation rate was much lower compared to the unprocessed sample. In contrast, cells did not seem to proliferate on surfaces P1 and P2, as cell number remained relatively steady over time on these surfaces, while surface P3 was only found to promote proliferation after 72 h. These results indicate that the manipulation of surface features, their size and distribution, generated through machine grinding, can be used to control the proliferation rate of fibroblast cells.
Cell migration
To compare the effect of machine ground surfaces on cell migration, fibroblast cells were seeded onto the surfaces and left to attach for 2 h, before being imaged every 15 min for 4 h. This allowed us to track cell movement over time. The distance moved was determined through the sum total of the distance moved by each cell after 4 h. Figure 7 shows that cells on surfaces P2 and P3 moved considerably further when compared to the other surfaces, moving a distance of around 4900 and 4200 μm, respectively. The unprocessed surface, surface P1 and surface P4 showed similar distances moved after the 4-h period, but these were all under 3000 μm, showing a significant reduction in distance moved compared to P2 and P3.
4Discussion
This work highlights the ability of material grinding to be utilised as a method for developing functional surfaces for biomedical applications. Through dressing the grinding wheel, a material depth of cut varying between 2 and 5 μm produced surfaces having a mean feature height of between 1.2 and 1.9 μm, which rivals other more advanced methods. The process was designed to produce features in a ploughed field pattern which is seen on all surfaces (Fig. 1) . However, the features are not universal on each surface, with variations in feature width and height seen across all surfaces (Fig. 3) . This is not a problem in its self, due to the randomness of the naturally occurring extracellular matrix that we are attempting to mimic here, a protein scaffold that cells attach to within tissues. Surface analysis values were determined, specifically Ra, Rt and Rz, which showed an increase from the smallest wheel depth to the largest, as would be expected. However, between M1 and M2, the smaller wheel depth surfaces (2 and For all values, = 5. All values are in microns The casting process produced polymer surfaces of similar features, though not identical in dimensions. There was a discrepancy in the trend of an increase in mean feature height at the 4-μm wheel depth (P2). A drop in feature height is seen here suggesting an inaccuracy in the casting process which may be due to the viscosity of the polymer, i.e. too viscous to flow into and settle between the smallest features. When analysing the effects of surface topography on cell adhesion, there is a clear difference between the un-patterned surface and the machine ground surfaces. The effect of surface topography on cell adhesion is linked to an effect known as 'contact guidance', where cells are able to sense their immediate environment and react to it [9] . This is seen with the ground polymer surfaces which show an increased level of adhesion when compared to the unprocessed polymer, hence suggesting a link between the surface features and the cells ability to adhere to the surface. The P3 surface shows a higher level of cell adhesion than the other ground surfaces, and this may be linked to the surface analysis results in which P3 has low values for Ra, Rt and Rz (Table 1 ). This finding links to other work which shows that increases in surface roughness can have a negative impact on fibroblast cell adhesion and may potentially prevent initial adaption of the cells to surface [21] . This effect is possibly linked to the number of focal adhesion contacts being formed between the cell and the surface as Grossner-Schreiber et al. had previously shown that there were an increased number of focal adhesion contacts on surfaces with a lower Ra value [14] . However, this is not seen for the unprocessed polymer, which shows a lower level of adhesion and also shows much lower surface analysis values. These results suggest that cells are able to attach to the machine ground surface much more quickly than is the case for the unprocessed polymer surface, as the MTT test was performed after a duration of only 2 h. If this attachment time was increased, a similar attachment level may be seen. The effect of surface topography on cell behaviour has been shown previously, with cell alignment shown when cells are seeded onto grooved surfaces [10, 19] as well as when being seeded onto highly ordered nanopits that effect cytoskeleton organisation [2] . Fibroblasts, in particular, have been shown to adhere with more affinity, when exhibiting a well-spread, flattened morphology (i.e. on a flat surface) [4] . Results have also been shown where surface topography has a negative impact on fibroblast cell adhesion [5, 24] .
When analysing the effects of surface topography on cell proliferation, there is also a difference between the responses of cells grown on the unprocessed polymers, compared with those grown on the machine ground surfaces. The unprocessed polymer promotes cell growth to a greater extent when compared to the other surfaces at the 24-and 48-h time points. These results support previous research that shows that increased surface roughness impaired fibroblast cell growth [12] . They can also be linked to previous research showing similarities in that fibroblast cells that were seeded onto patterned surfaces resulted in the downregulation of transcription factors and genes involved with proliferation, while also being linked to a decrease in cell spreading [8] . However, there is no significant difference between the machine ground surfaces when comparing at the same time points. After 72 h, the P1 and P2 surfaces show an increased level of cell growth, suggesting that the cells growing on those surfaces have been able to settle and begin spreading on the surface, hence promoting the process of proliferation. When comparing the cell number across the three discrete time duration points, there is no significant difference for surfaces P2 and P3, suggesting limited to no cell proliferation on these surfaces. That the unprocessed polymer and P1 seem to promote cell growth to a greater extent may be due to the smaller size of their features, as previous research has shown that cells prefer smaller features over larger regarding proliferation. Kolind et al. showed that fibroblasts exhibit improved proliferation on pits with smaller gap sizes (ones that they could cover easily) when compared to pits with larger gap sizes [17] .
When comparing the ability of the cells to migrate on the surfaces, it was found that all machine ground surfaces enhanced cell migration when compared to the unprocessed surface. These results mirror the adhesion studies, where the surfaces that showed enhanced adhesion also seem to promote greater cell migration across the surface. When comparing these results to the surface analysis values, it could be suggested that the surfaces with lower values for Ra, Rt and Rz and feature height promote cell adhesion and migration. However, this is not seen for surface P4, which despite showing the largest values for the surface analysis shows a more enhanced level of cell migration and adhesion when compared to surface P1. The effect of surface features on cell migration has been seen before; Clark et al. showed that when cells encountered topological steps, as the height of the step increased, there was a significantly decreased crossing frequency, with more cells turning back rather than climbing up the substrate surface feature [3] . The effect of substrate surface features on cell migration can also be seen in the work by Hamilton et al., where fibroblast cells were seen to hug groove walls in order to turn their entire body around corners [15] .
This work demonstrates that grinding technology can be used as an alternative, cost-effective method to generate functional surfaces that can be used to control aspects of fibroblast cell behaviour. However, further work would be required to fully understand the effect of surface roughness and pattern geometry on cell behaviour and improve the process through empirical determination of the optimal grinding parameters required to enhance the quality, resolution and organisation of the surface features.
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